Ti-Cr-V alloys are known to absorb protium up to H/M = 2. However, Ti-Cr-20 at%V alloys with more than 56 at%Cr content were found to absorb up to H/M = 1. This paper aims to make clear the effects of compositions on formations of 1, 2 protorides in Ti-Cr-V alloys, and the structure of the mono-protorides. It was found that the mono-protorides with fcc and hcp structures exist. The mono-protoride with the fcc structure was different from the di-protoride with the FCC structure in the lattice constants. Some relationship between appearance of the mono-protorides and disappearance of the plateau regions in low hydrogen pressure regions was considered to exist. As a result, the appearance regions of 1, 2 protorides in Ti-Cr-V alloys were derived.
Introduction
Protium (hydrogen atom) storage alloys are considered to be used as hydrogen storage tanks for fuel-cell automobiles. Ti-Cr-V alloys with a BCC structure are regarded as one of the candidates for hydrogen storage tanks. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Ti-Cr-V alloys absorb H/M = 2 (about 3.7 mass% of protium), but form stable protorides in low hydrogen pressure regions. The present authors reported that decreasing V content and increasing Cr content turned out to shift the beginning of the plateau regions to low protium concentration, and optimum composition of Ti-Cr-20 at%V (at% is abbreviated hereafter) alloys is found to be Ti-52Cr-20V alloy which has about 2.6 mass% protium desorption capacity (9-0.01 MPa). 10) However, Ti-Cr-20V alloys with more than 56 at%Cr content were found to absorb up to H/M = 1. 10) This result suggested that there should be some relationships between the formations of mono-protorides and the compositions of the alloys.
Thus, the purpose of this study is to make clear the effects of compositions on formations of 1, 2 protorides in Ti-Cr-V alloys.
Experimental Procedures
The alloys were prepared by arc-melting on a water-cooled copper hearth under an Ar atmosphere. The purities of the raw materials were as follows: Ti, Cr > 99.99 mass%; V > 99.95 mass%. Samples were remelted five times to ensure their homogeneity. Heat-treatment was carried out under an Ar atmosphere. The samples except 5 at%V alloys were heated at a rate of 600 K/h to 1673 K, annealed for 1 h, and then quenched into iced-water. The samples for 5 at%V alloys were annealed at 1723 K for 1 h, and then quenched into icedwater in order to freeze a BCC single phase.
Crystal structures were studied by X-ray diffractometer (XRD) using Cu-Kα radiation. The XRD samples for study- ing the structure of protorides were prepared by treating in acetone at 173 K in keeping the condition for fully absorbing protium at 243 K, 8 MPa. The pressure composition isotherms (PCT curves) from 0.01 to 10 MPa were measured for two cycles at 273 K using a Sieverts-type apparatus. The zero points of PCT curves were the points before activation and PCT curves presented in this study were taken from the first cycle data. PCT curves from 0.1 Pa to 0.15 MPa were measured using a Sieverts-type apparatus at 313 K after measurement from 0.01 to 10 MPa. Thus, the zero points of PCT curves from 0.1 Pa to 0.15 MPa were the points after dehydrogenation at 673 K.
Results and Discussion

The protium storage properties and formations of
protorides in Ti-Cr-20V alloys It has been found by XRD that all studied alloys has a BCC single phase. Figure 1 shows PCT curves (absorption process) from 0.01 to 10 MPa for the Ti-xCr-20V (x = 52 to 62) alloys. The alloys with more than 56 at%Cr content absorbed protium up to H/M = 1. Figure 2 shows corresponding XRD patterns of the protorides for hydrided Ti-xCr-20V (x = 52 to 62) alloys. Each sample has the Bragg peaks from the BCC phase that is considered to be the structure before the plateau region at 0.1-3 MPa (this plateau region is called second plateau region hereafter). Thus, the Bragg peaks from the BCC phase are not indexed. The sample with 52 at%Cr that absorbed about H/M = 2 has a FCC single phase. This FCC phase is considered to be di-protoride, judging from the absorbed protium concentration. As the sample with 52 at%Cr after passing one day at room temperature after measurement of the XRD desorbed about 3.1 mass% at 673 K using a Sieverts-type apparatus, the treatment in acetone was found to be effective in keeping the protium confined in the alloys. For the sample with 56 at%Cr, 3 different Bragg peaks are observed. One is the FCC Bragg peaks from di-protorides. The rest of two Bragg peaks are considered to be based on a hcp phase and a fcc phase that has a smaller lattice constant than that of the di-protorides. However, some Bragg peaks cannot be identified. The sample with 58 at%Cr consists of the hcp phase and the fcc phase that is different from the di-protorides. The samples with 60 and 62 at%Cr that absorbed about H/M = 1 have the hcp single phases. This hcp phase is considered to be the mono-protoride, judging from the absorbed protium concentration. It was reported that CrH, which was prepared by the Cr electrodeposition, has the hcp phase. 11, 12) Thus, the mono-protoride hcp phase that was prepared by this study is considered to be similar to the CrH because of Cr-rich Ti-Cr-V alloys. Figure 3 shows PCT curves (absorption process) at 313 K from 0.1 Pa to 0.15 MPa for the Ti-xCr-20V (x = 52 to 62) alloys. The present authors reported that the plateau regions of Ti-Cr-20V alloys at 1-10 Pa are coexistence regions of two different BCC phases. 10) The plateau region at 1-10 Pa is called as first plateau region hereafter. The samples with 52 and 54 at%Cr that absorbed about H/M = 2 have the narrow The sample with 30 at%V consists of the hcp phase and the fcc phase that is different from the di-protorides. The sample with 50 at%V consists mostly of the fcc phase, that has a smaller lattice constant than that of the di-protorides, and has a small quantity of the FCC phase of di-protorides. The fcc phase, that is different from the di-protorides, is considered to be mono-protoride, judging from the protium concentration for the sample with 50 at%V. The sample with 60 at%V con- sists mostly of the FCC phase of di-protorides and has a small quantity of the fcc phase of mono-protorides. Figure 6 shows PCT curves (absorption process) at 313 K from 0.1 Pa to 0.15 MPa for the Ti-Cr-xV (Ti : Cr = 1 : 3; x = 5 to 70) alloys. The samples with 60 and 70 at%V that absorbed about H/M = 2 have the first plateau regions. The samples with 50 at%V, that has a small quantity of the diprotorides, also has the narrow first plateau region. On the other hand, the samples with 30, 20 and 5 at%V have no diprotorides and no first plateau regions. These results suggest that there should be some relationship between disappearance of the first plateau regions and disappearance of the di-protorides.
3.3
The protium storage properties of Ti-Cr-5V alloys Figure 7 shows PCT curves (absorption process) from 0.01 to 10 MPa for the Ti-xCr-5V (x = 61 to 69) alloys. The alloys with more than 65 at%Cr content absorbed protium up to H/M = 1. Figure 8 shows PCT curves (absorption process) at 313 K from 0.1 Pa to 0.15 MPa for the Ti-xCr-5V (x = 61 to 69) alloys. The samples with 65, 63 and 61 at%Cr that absorbed more than H/M = 1 have the first plateau regions. On the other hand, the samples with 67 and 69 at%Cr that absorbed protium up to H/M = 1, have no first plateau regions. Thus, the disappearance of the first plateau regions will be related with disappearance of the di-protorides. As these results, the appearance regions of 1, 2 protorides in Ti-Cr-V alloys, that are shown in Fig. 9 , were derived.
Conclusions
Effects of compositions on formation of 1, 2 protorides in Ti-Cr-V alloys have been investigated, and the following conclusions have been derived.
(1) The mono-protorides with fcc or hcp structures were found to exist in Ti-Cr-V alloys. The mono-protoride with the fcc structure was different from the di-protoride with the FCC structure in the lattice constants.
(2) The appearance regions of 1, 2 protorides are obtained.
(3) The disappearance of the first plateau regions may be related with the appearance of the mono-protorides. Fig. 9 The observed regions of 1, 2 protorides in Ti-Cr-V alloys. q, 2 protoride; w, 2 protoride and 1 protorides; v, 1 protorides. Open symbols are presumed from the PCT curves.
